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Abstract: We demonstrated a tunable temporal gap based on simul¬ 

taneous fast and slow light in electro-optic photonic crystals. The light 
experiences an anomalous dispersion near the transmission center and a 
normal dispersion away from the center, where it can be accelerated and 
slowed down, respectively. We also obtained the switch between fast and 
slow light by adjusting the external electric hied. The observed largest 
temporal gap is 541 ps, which is crucial in practical event operation inside 
the gap. The results offer a new solution for temporal cloak. 


OCIS codes: (160.2100) Electro-optical materials; (160.4330) Nonlinear optical materials; 
(060.5060) Phase modulation; (230.3205) Invisibility cloaks. 
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1. Introduction 

In resent years, temporal cloak has been widely studied both theoretically and experimen¬ 
tally HHH. It is an analogy with spatial cloak HD from the space-time duality associated 
with diffraction and dispersion II12II13II . The first experimental demonstration of temporal cloak 
is presented in an optical fibre-based system El. The split time lens uses four-wave mixing to 
impart nonlinear frequency chirp on the probe beam. The dispersive element accelerates the 
front part of the probe beam and slows down its rear part, creating a temporal gap of 50 ps. 
However, replicating the chirp discontinuity requires extremely high bandwidth suitable for 
telecommunications. To overcome the restrictions, one method for comb generation by exploit¬ 
ing a temporal version of Talbot effect is presented Q. The continuous-wave input is converted 
into a broadband frequency comb, in which no discontinuity in the chirp rate is required. Yet 
in both cases the event is effectively erased from the ‘history’ recorded by the probe field. To 
solve this shortcoming, a temporal cloak is reported with the new capability not only to hide op¬ 
tical data, but also to concurrently transmit it along another wavelength channel for subsequent 
readout, masking the information from one observer while directing it to another 0. Another 
temporal cloak based on tunable optical delay and advance is theoretically proposed by using 
an optical data stream as the probe light instead of continuous wave, creating a temporal gap of 
39 ps ifTOll . In this system, the event occurs in the gap can be transmitted as a useful message to 
the receiver. Normally, the temporal gap need to reach the lever of nanosecond, then an event 
such as the modulator can be practically operated in the temporal gap. 

For the various approaches to achieving temporal cloak, one of the key elements is to create 
a temporal gap by modulating the group velocity, which is mostly proceeded in fibre-based 
system IDEIE]. However, it usually need high pump powers to produce large changes in the 
intensity-dependent refractive index, where other optical processes could limit the ability to 
achieve cloak. In our previous work, we have demonstrated the modulation of group velocity 





by applying an external electric field from subluminal to superluminal in z-axis electro-optic 
photonic crystal (EOPC) in theory m. Though slow light has been observed experimentally 
in y-axis EOPC ifTsl . it did not provide the evidence of fast light. 

In this letter, we presented a tunable temporal gap based on the simultaneous fast and slow 
light in y-axis EOPC. We verified the existence of fast light both in theory and experiment. 
By studying the relationship between phase shift (<I>) and phase-mismatching (Aj3), we found 
that the light experienced an anomalous dispersion near the transmission center and a normal 
dispersion away from the center, where fast and slow light occurred, respectively. We also 
obtained the switch between fast and slow light by adjusting the external electric field. The 
largest observed temporal gap is 541 ps, which is crucial in practical event operation. 


2. System and theoretical analysis 

Pigure.[T]shows the schematic of our temporal cloak system based on the simultaneous fast and 
slow light. The electro-optic photonic crystal, acting as the dispersion element, is constructed 
by applying y-axis external electric field on a z-cut periodically poled lithium niobate, where 
the optical nonlinearity can be modulated by the external electric field. Another key element 
of temporal cloak is time lens, which can produce a quadratic phase shift in time. It has been 
created by electro-optic modulation 01311161 and nonlinear optics 0170181 . We have widely stud¬ 
ied cascaded second-order nonlinearities in our previous work UMI]. It can be used as the 
time lens, since we have presented that the electro-optic effects and second-order nonlinearity 
can be implemented simultaneously by designing the periodical structure of the nonlinear crys¬ 
tal 02^ . In our configuration, the first time lens separates the incident continuous probe wave 
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Fig. 1. Configuration of temporal cloak based on the electro-optic photonic crystals. Time 
lens is used to separate or restore the continuous prohe light. The EOPC acts as the disper¬ 
sion element due to the second-order nonlinear effect-Pockels effect. At £j,=0.1 V/pm, A+ 
and locate at the slow- and fast-light region, respectively. They are separated in time 
after the first EOPC, creating a temporal gap, where an event occurs. The second EOPC 
at Ey=0.2 V/pm makes A+ and A_ locate at the reverse dispersion regions and closes the 
temporal gap hy shifting its transmission. Therefore, the event in the temporal gap remains 
undetected. 

Ao into two parts, A+ and A_. Then they inject to the first EOPC (with external electric field 
Ey =0.1 V/pm) simultaneously, where A+ and A_ locate at the slow- and fast-light region of 
the transmission, respectively. After propagating through the crystal, the two waves are sepa¬ 
rated in time since A+ is delayed and A_ is advanced, which will create a temporal gap, where 
an event occurs. The gap is closed when the light passes through the second EOPC. Under 












£, =0.2 V//im, the transmission spectrum shifted right (about 0.3 nm in experiment, shown in 
Fig. lUa)). The shift causes the change of phase shift, which makes A+ and A_ locate at the 
reverse dispersion regions (A+ Ai, and A_|_ = A^, A_ = X'_). The second time lens 

restores the probe light to its initial state at Aq. Therefore, the event located in the temporal gap 
remains undetected, which is regarded as cloaked. 

Here, we give the theoretical analysis of the temporal gap. When the external electric field is 
applied, the principle axes of the new index ellipsoid rotate with an angle of ±0 with respect to 
the unperturbed principle axes ll2^l24l . If it occurs near the phase-matching condition, the 
energy of the incident fundamental extraordinary wave will flow to the generated ordinary 
wave and then it will flow back. The returning e-polarized fundamental wave (FW) will have 
a different phase from the original e-wave that does not deplete completely. The amplitudes of 
FWs are solved by the coupled-mode equation ||2^ . which are 

f Ai(z) =e'(^^/^)^(-iK-)sin(sz)/s 

I Miz) =e^'^'^^/^^^[cos(iz)-|-iAj3sin(iz)/(2i)], 

with Aj3 = j3i — j 32 — 27r/A, k = —2/(«®nf )^/^ 75 i£,,/A, and i = [kk* + (Aj3/2)^]'/^. Ai and 
A 2 are the normalized complex amplitudes of o-polarized and e-polarized FW; Aj3 is the wave- 
vector mismatching; j3i and j 32 are the corresponding wave vectors; n® and nf represent the 
indies of FWs calculated by the Sellmeier equations ll25l : A is the inversion domain period; 
K is the coupled coefficient; 751 is the electro-optic coefficient; £, is the external electric field, 
respectively. Then the phase shift impressed onto the incident e-polarized FW at the exit surface 
{z = L) is derived as 


AO = — arctan[^ tan(i£)]. 

And the transmission of e-polarized FW is T = cos^(sz) - 1 - [A)3 sin(sz)/(2s)]^. 


( 2 ) 
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Fig. 2. (a) Transmission spectrum and (b) phase shift of e-polarized FW as a function of 
AjSL. The light experiences anomalous dispersion (dO/dco < 0) near the central wave¬ 
length of phase-matching (where Aj6 = 0) and normal dispersion (d^/dco > 0) away from 
the center wavelength, where the light can be accelerated and slowed down, respectively. 


Figure. IHshows the transmission spectrum ll24ll and the phase shift as a function of Aj3£. The 
polarization rotation causes the depletion of e-polarized FW, resulting in a dip in the transmis¬ 
sion spectrum. It is similar to the dip in either a gain or absorption feature that normally induced 
by electromagnetically induced transparency ll26ll and coherent population oscillations lIZTl . 
where both fast and slow light can occur ll28l . The light experiences an anomalous dispersion 
{d<i>/dco < 0 ) near the transmission center and a normal dispersion {d<i>/d(0 > 0 ) away from 
the center, where light can be accelerated and slowed down, respectively, due to the effective 






group velocity 1/Vg = d^/d(o/z. Therefore the transmission spectrum is divided into three 
parts. The fast-light region is near the transmission center and the two slow-light regions are 
near the transmission edge. The corresponding effective group index is inserted in Fig.lH 

3. Experimental results and discussion 

The electro-optic photonic crystal constructed in our experiment is with the domain inversion 
period of 20.1 fim and a dimension of 40 x 10 x 0.5 mm^. The light was launched from a 
continuous laser source modulated by an intensity modulator and a pulse function generator, by 
which we can generate the pulse of 1 ns. The incident optical power was 10 mW. 
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Fig. 3. Observed simultaneous fast and slow light, as well as the switch between them, (a) 
Measured transmission spectra under different external electric fields. The output signal 
waveforms with different external electric fields at fixed wavelengths of (b) 1557.8 nm 
(b—^-b’), (c) 1558.0 nm (c—>-c’), (d) 1558.5 nm (d—s^d’), (e) 1558.7 nm (e-^e’), and (f) 
1559.1 nm (f-^f)- 


First, we measured the transmission spectra under different external electric fields as shown 
in Fig. [3a). The central wavelength of the spectrum shifted about 0.3 nm when the external 
electric field was changed from 0.1 V//im to 0.2 V/fim. The output signal waveforms for dif¬ 
ferent fundamental wavelengths are plotted in Figs.|3b)-|3f), which corresponds to the points 


















b(b’)-f(f’) in Fig. [3a), respectively. At 0.1 V//im, points b, e, f are located at the slow-light 
region, while the other two points c and d are at the fast-light region. When the external elec¬ 
tric filed raised to 0.2 V//im, the hve wavelengths had quite different behaviors. At 0.2 V//rm, 
points b, d and f are still in their original dispersion region. The external electric field only 
affected their degree of delay or advance (b^ b’, d—^ d’, f^ f’). For point c, the pulse experi¬ 
enced a switch from an advancement of -66 ps to a delay of 252 ps due to the fundamental wave 
switching from the original fast-light region to the slow-light region (c^- c’). Similarly, point e 
switched from a delay of 98 ps to an advancement of -289 ps (e—>- e’). Then we can calculate 
the delay-bandwidth product of this system, which is 12.6 ( A/l=0.4 nm at A=1558 nm, Af=252 
ps). 
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Fig. 4. Measured temporal gap as a function of A/3L under Ey=0 .1 V/pm. Points b-f corre¬ 
spond to the results in Fig. 3 The largest temporal gap is 541 ps created from -289 ps to 
252 ps. The inserted figure is the theoretical effective group index as a function of A/3L. 

To demonstrate the temporal gap, we measured the exact time for each wavelength to obtain a 
spectrogram of FW, which are illustrated in Fig. 01 The largest temporal gap is 541 ps, creating 
from the advancement of -289 ps to the delay of 252 ps. The observed fast- and slow-light 
behaviors agree well with the simulation results that inserted in Fig. 0] The temporal gap can 
be enhanced by employing waveguide structure devices. In addition, the incident optical power 
is only 10 mW, which limits the occurrence of undesirable nonlinear processes. 

4. Conclusion 

In conclusion, we demonstrated a scheme of tunable temporal gap based on simultaneous fast 
and slow light in electro-optic photonic crystals. We observed simultaneous fast and slow light 
as well as the switch between them. The temporal gap can be modulated by phase-mismatching 
and the external electric field. It puts forward a new solution for temporal cloak, controlled by 
external electric field instead of the light intensity. It also can find other potential applications 
in data processing and communication security. 
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